GABAergic and glycinergic synaptic transmission is proposed to promote the maturation and refinement of the developing CNS. Here we provide morphological and functional evidence that glycinergic and GABAergic synapses control motoneuron development in a regionspecific manner during programmed cell death. In gephyrin-deficient mice that lack all postsynaptic glycine receptor and some GABA A receptor clusters, there was increased spontaneous respiratory motor activity, reduced respiratory motoneuron survival, and decreased innervation of the diaphragm. In contrast, limb-innervating motoneurons showed decreased spontaneous activity, increased survival, and increased innervation of their target muscles. Both GABA and glycine increased limb-innervating motoneuron activity and decreased respiratory motoneuron activity in wild-type mice, but only glycine responses were abolished in gephyrin-deficient mice. Our results provide genetic evidence that the development of glycinergic and GABAergic synaptic inputs onto motoneurons plays an important role in the survival, axonal branching, and spontaneous activity of motoneurons in developing mammalian embryos.
Introduction
A central feature of nervous system development in mammalian embryos is the formation of complex neural networks, such as the neuromotor system. During embryonic development, approximately half of the motoneurons generated undergo programmed cell death (PCD) (Oppenheim, 1991) . Motoneuron survival and differentiation depend on trophic factors secreted from target muscle fibers and Schwann cells surrounding motor axons (Bordet et al., 2001; Acsadi et al., 2002; Wang et al., 2002; Lu et al., 2003) . Reductions in skeletal muscle activity improve the access of a motoneuron to target-derived trophic factors by increasing the extent to which motor axons branch and form neuromuscular synapses (Oppenheim et al., 2000b; Millecamps et al., 2001 Millecamps et al., , 2002 . This suggests that the neuromotor system has an intrinsic safety mechanism that gives it the capacity to alter the extent of its muscle innervation, to provide sufficient skeletal muscle contraction to sustain the life of a newborn.
Synaptic activity within the CNS is also essential for motoneuron survival (Verhage et al., 2000; Herroma et al., 2003) . Recent studies suggest that GABAergic and glycinergic synaptic activity, which switches from producing postsynaptic excitation to inhibition during late embryonic and early postnatal stages, may be essential for the maturation and refinement of developing neural networks (Kriegstein and Owens, 2001; Ben-Ari, 2002; Owens and Kriegstein, 2002) . Therefore, glycinergic and GABAergic synapse function may also control motoneuron development in mammalian embryos. Here, we examine whether disruption of glycinergic and GABAergic synaptic activity affects motoneuron survival and/or plasticity during PCD.
An effective way to study the effects of glycinergic and GABAergic synaptic activity on motoneuron development is the use of genetically modified mice lacking glycine and GABA A receptor clusters at synapses. A hallmark of synapse formation is the precise apposition of presynaptic terminals onto densely clustered postsynaptic receptors Sanes and Lichtman, 1999) . Gephyrin is a tubulin-binding protein essential for clustering all glycine and different GABA A receptor subtypes in the postsynaptic membrane of central neurons (Schmitt et al., 1987; Prior et al., 1992; Kirsch and Betz, 1993; Essrich et al., 1998; Feng et al., 1998; Kneussel et al., 1999 Kneussel et al., , 2001 Allison et al., 2000) . A high density of these receptors in the postsynaptic membrane is vital for efficient synaptic transmission, because gephyrindeficient mice die within the first postnatal day Kneussel et al., 1999; Grosskreutz et al., 2003) . Here, the gephyrin-deficient mice were used to test whether glycinergic and GABAergic synaptic transmission affect motoneuron survival, branching, and activity by comparing morphological and functional characteristics of motoneurons in gephyrin-deficient mice with those of wild-type mice.
Materials and Methods
Mice. Gephyrin heterozygote mice bred on a 129/Ola ϫ C57BL/6 defined background were time mated. The day a vaginal plug was observed was classified as embryonic day 0.5 (E0.5). Pregnant mothers were killed via cervical dislocation. Embryos were immediately placed on ice-cold 0.1 M PBS, pH 7.4, and decapitated before microdissection. Embryos were later genotyped by a DNA tail assay as described previously . Only wild-type (ϩ/ϩ) and gephyrin-deficient (Ϫ/Ϫ) mice were used in morphological studies. For functional studies, both wild-type and gephyrin heterozygote (ϩ/Ϫ) mutants (i.e., one gephyrin allele inactivated) animals were considered as "wild-type control," because both wild-type and heterozygote newborn mice show no differences in the formation of synaptic glycine receptor and GABA A receptor clusters at synapses and are phenotypically indistinguishable from wild-type littermates Kneussel et al., 1999; Levi et al., 2004) . These wild-type controls were compared with gephyrin-deficient animals . The animal care and ethics committees of our institutions approved all described procedures and experiments.
Motoneuron counts and morphometric analyses. Motoneuron numbers were quantified using previously established methods (Clarke and Oppenheim, 1995; Banks et al., 2001) . Serial 6-to 12-m-thick paraffin sections obtained from brainstem and spinal cord were stained using thionin in 1% (v/v) acetic acid buffer solution. The starting and finishing positions of the lateral motor columns (LMCs) in the spinal cord were found by examining LMC thickening, presence of dorsal root ganglia (cervical 3-5 for phrenic, cervical 6 to thoracic 1 for brachial, and lumbar 1-5 for lumbar), and morphology of the vertebrae. Motoneurons were identified and counted in every fifth (cranial) or 10th (LMC) section as described previously (Clarke and Oppenheim, 1995; Banks et al., 2001 Banks et al., , 2003 . Spinal cord volume and nuclear area calculations were obtained using previously established methods (Banks et al., 2001 ). The genotypes were not made available to the researcher conducting these analyses (G.B.B., P.G.N.) until they were complete. Motoneuron numbers, spinal cord volume, and nuclear areas were compared using an unpaired Student's t test.
Quantitation of motoneuron branching. Embryonic diaphragm and gluteus maximus muscles were processed for whole-mount immunohistochemistry as described previously (Gautam et al., 1995; Banks et al., 2001 Banks et al., , 2003 . Motor axon branches were localized with a neurofilament (1:200; Sigma, St. Louis, MO) and synaptophysin (1:50; Dako, High Wycombe, UK) primary rabbit antibody mixture and probed for with an FITC-conjugated rabbit secondary antibody (1:400; Chemicon, Boronia, Australia). Postsynaptic acetylcholine receptors (AChRs) were localized using rhodamine-conjugated ␣-bungarotoxin (1:400; Molecular Probes, Eugene, OR). The most ventral 1.2 mm of the left hemi-diaphragm at E18.5 and the ventral 500 m portion at E16, plus the proximal muscle nerve entry point of the gluteus maximus muscle, were used for quantifying axonal branching and neuromuscular synapse number. The branch extension for the main muscle nerve trunk, the number of branches exiting this nerve trunk, and the number of peripheral branch bifurcations were quantified, as detailed previously (Banks et al., 2001 (Banks et al., , 2003 . The number of neuromuscular synapses, defined as the number of AChR clusters that colocalized with neurofilament/synaptophysin immunostaining, were also counted. All of these measurements were collected and compared among gephyrin-deficient and wild-type mice, using Prism 3.0 software (GraphPad Software, San Diego, CA), as described previously (Banks et al., 2001 (Banks et al., , 2003 . All immunostained muscles were viewed using a Bio-Rad (Hercules, CA) MRC 600 scanning confocal microscope. A Z-series of each muscle was collected and projected into a single image using NIH ImageJ image software (available from http:// rsb.info.nih.gov/ij/). Individual images were placed into multi-panel figures using Adobe Photoshop 7 (Adobe Systems, San Jose, CA).
Hypoglossal and lumbar nerve activity recordings. Brainstem-whole spinal cord preparations (Suzue, 1984; Smith and Feldman, 1987) from 17 gephyrin-deficient and 19 control (wild-type or gephyrin heterozygote mutant) mice of either sex at postnatal day 0 (P0) to P1.5 were used for in vitro nerve recording experiments. Animals were anesthetized by hypothermia for 3-5 min, before decerebration rostral to the pons and removal of the cerebellum. The intact brainstem and entire spinal cord were removed from the surrounding tissue by laminectomy and sectioning nerve rootlets while immersed in Ringer's solution containing the following (in mM): 128 NaCl, 3 KCl, 21 NaHCO 3 , 0.5 NaH 2 PO 4 .H 2 O, 1 MgCl 2 , 1.5 CaCl 2 , and 30 D-glucose, pH 7.4 (continuously bubbled with 95% O 2 /5% CO 2 ). The preparation was pinned ventral surface up in a 35 ml bath and continuously perfused with the same solution at 24 -26°C at a flow rate of 12-15 ml/min using a peristaltic pump (Minipuls 3; Gilson, Villiers le Bel, France). Suction electrode recordings were made from hypoglossal (XII) nerve rootlets and L5 ventral nerve roots. The nerve signals were AC amplified (2000 -10,000ϫ), rectified, low-pass filtered at 1 kHz, integrated (time constant, 50 ms), displayed on a storage oscilloscope, and stored on a personal computer using an digitizer interface and software (DigiData 1200A and PClamp7; Axon Instruments, Union City, CA) at a sampling rate of 2 kHz. Analysis of nerve activity was performed off-line using Clampfit 9.0 software (Axon Instruments). Bursts of integrated nerve activity were detected by exceeding a threshold set at more than three times the root mean square baseline noise level. Peak amplitude, half-width, 10 -90% rise time, 10 -90% decay time, and area of XII and L5 nerve bursts were automatically measured after visual inspection of all detected bursts to eliminate any artifactual activity. Prism 3.0 was used to calculate the mean values of all measurements (20 -230 bursts per animal) and for all statistical analyses. The mean nerve activity (charge per minute) was calculated by dividing the total burst area for all bursts by the recording duration (in minutes) for each preparation. GABA or glycine (100 M each; Sigma, Sydney, Australia) were dissolved in the perfusing fluid at the stated concentrations and applied continuously. GABA or glycine effects were measured by comparison of the mean control parameters for 10 -20 min of nerve activity before drug application and mean parameters for the period of drug application (minimum of 8 min of nerve activity). Data are presented as means Ϯ SEM except when indicated, and significance was accepted at the p Ͻ 0.05 level using two-tailed unpaired Student's t test or two-way ANOVA tests when specified.
Motoneuron cultures. Cultures of lumbar spinal motoneurons from E14 mice were prepared by an immunopanning technique as described previously (Hughes et al., 1993) . The motoneurons were plated at a density of 2000 cells/cm 2 in four-well culture dishes precoated with poly-L-ornithine (Sigma-Aldrich, Munich, Germany) and laminin (gift from Rupert Timpl, Max Planck Institute, Munich Germany) as described previously (Arakawa et al., 1990) . Cells were grown with 10% horse serum in Neurobasal medium supplemented with B27 and 500 mM glutamax I (Invitrogen, Eggensten, Germany) at 37°C in a humidified atmosphere with 5% CO 2 . After 1 h, the Neurobasal medium was supplemented with one of the following neurotrophic factors at a concentration of 1 ng/ml: glia-derived neurotrophic factor (GDNF) (PreProtech, Frankfurt, Germany); brain-derived neurotrophic factor (BDNF) (Amgen, Thousand Oaks, CA); and ciliary neurotrophic factor (CNTF) (rat and human expressed and purified as described by Masiakowski et al., 1991) . The initial cell number per well was determined 3 h after plating by phase-contrast microscopy (magnification, 125ϫ). Surviving neurons were counted in the same fields at different time points for up to 5 d in culture, and the results are presented as the percentage of the originally plated cell number. After 5 d in culture, the axonal processes of the motoneurons were stained with anti-P-Tau (Sigma-Aldrich, Munich, Germany) and visualized with a goat anti-rabbit Cy2 antibody (10 mg/ ml; Biomol, Hamburg, Germany) as described previously (Metzger et al., 1998) .
Electron microscopy. Gluteus maximus muscles were removed from the hindlimbs of P0 mice and fixed in 3% (w/v) glutaraldehyde in 0.1 M phosphate buffer, pH 7.2, for 12 h at 4°C. Fixed muscles were washed in phosphate buffer, postfixed in 1% (w/v) aqueous osmium tetroxide containing 1.5% (w/v) potassium ferrocyanide (Kopriwa, 1984) , stained en bloc with uranyl acetate, dehydrated through acetone into Epon resin, embedded, and polymerized at 60°C for 24 h. Ultrathin sections were cut at ϳ80 nm, stained with Reynolds lead citrate (Reynolds, 1963) , viewed, and photographed with a Hitachi (Tokyo, Japan) H600 transmission electron microscope.
Results

Regional differences in motoneuron survival in gephyrin-deficient mice
We examined whether the severe deficits in GABAergic and glycinergic synapse formation found in gephyrin-deficient mice affect motoneuron survival in respiratory-related motor nuclei during embryonic development. Embryonic days 15 and 18.5 were chosen to examine motoneuron survival in the hypoglossal, trigeminal, facial, and phrenic motoneurons, because it is well established that motoneuron death is well underway by E18.5 in all of these nuclei (Oppenheim et al., 2000a; Terrado et al., 2001; Banks et al., 2003; Forger et al., 2003) . For facial motor nuclei, it has been reported that the motoneuron death period begins at E17.5 and ends ϳ3-4 d later in the first postnatal week (Ashwell and Watson, 1983) . The period of PCD has not been defined for the other cranial nuclei or the hypoglossal nucleus, and, because these motor nuclei only become distinct after E13.5, we chose to quantify motoneurons at E15.5 and E18.5 to test whether PCD is affected during the motoneuron PCD period. First, there were significant decreases in motoneuron number in the hypoglossal nuclei at E15.5 [21% decrease; p Ͻ 0.03 (Table 1) ] and E18.5 [32% decrease; p Ͻ 0.01 (Table 1) ]. Second, motoneuron numbers were significantly decreased in the trigeminal motor nuclei at E15.5 [15% decrease; p Ͻ 0.03 (Table 1) ] and E18.5 [25% decrease; p Ͻ 0.01 (Table 1) ]. Third, facial motoneuron numbers did not change at E15.5 (3% increase; p Ͼ 0.58), but, by E18.5, numbers were significantly decreased by 27% ( p Ͻ 0.03) in gephyrin-deficient mice (Table 1) . Last, the number of motoneurons within cervical segments that innervate the diaphragm (Noakes et al., 1983) were reduced in gephyrin-deficient mice compared with wild-type mice at both E15.5 [37% decrease; p Ͻ 0.008 (Table 1) ] and E18.5 [30% decrease; p Ͻ 0.005 (Table 1) ]. Thus, motoneuron survival in respiratory-related motor nuclei is decreased in gephyrin-deficient mice.
GABA and glycinergic synapses are also present on spinal somatic motoneurons. We counted the number of motoneurons in the brachial and LMCs throughout the period of PCD in wildtype and gephyrin-deficient mice (E13.5-E18.5). At the initial stages of synapse formation within the CNS at E13.5, we found no changes in motoneuron number in the brachial LMC in gephyrin-deficient mice (Table 1 ). This indicates that the generation of somatic motoneurons and the number of early postmitotic neuroblasts undergoing PCD were not altered in gephyrindeficient mice. However, significant increases in motoneuron number were seen in the brachial LMC at E15.5 (27% increase; p Ͻ 0.02) and E18.5 [22% increase; p Ͻ 0.03 (Table 1) ]. Similarly, we also observed significant increases in motoneuron number in the lumbar LMC at E16 [24% increase; p Ͻ 0.05 (Table 1) ] and E18.5 [37% increase; p Ͻ 0.01 (Table 1) ]. E16 and E18.5 represent the middle and end stages of the motoneuron PCD period for spinal motoneurons, respectively (Lance-Jones, 1982; Banks et al., 2001 Banks et al., , 2003 . Therefore, in contrast to the reduced survival of respiratory cranial motoneurons, survival of motoneurons that innervate the forelimbs and hindlimbs was increased in gephyrin-deficient mice.
Motor axon branching and neuromuscular synapse formation in gephyrin-deficient mice
Increased motoneuron survival has been found to correlate with an increase in motor axon branching and neuromuscular synapse formation (Oppenheim et al., 2000b and vice versa (Tang and Landmesser, 1993) from the beginning of synapse formation (Dahm and Landmesser, 1988; Banks et al., 2003) . We therefore examined whether the differential changes in motoneuron survival found in gephyrin-deficient mice are accompanied by respective changes in motor axon branching and neuromuscular synapse formation in respiratory (diaphragm) and limb muscles at E16 (early stages of neuromuscular synapse formation and midperiod of motoneuron PCD) and E18.5 (late stage of motoneuron PCD).
At E18.5 and E16, axonal branching and neuromuscular synapse formation in the ventral regions of the left hemi-diaphragm show little anatomical variation in wild-type mice (Banks et al., 2001 (Banks et al., , 2003 . Intramuscular axonal branches extended primarily toward the lateral side of the phrenic nerve trunk in both wildtype ( Fig. 1 A, E) and gephyrin-deficient ( Fig. 1 B, F ) diaphragms. However, these axon branches extended up to 40 m farther in wild-type mice (Fig. 1C ) compared with gephyrin-deficient animals (Fig. 1 D) at E18.5. This same trend was also apparent at earlier ages [E16 (Fig. 1, compare G, H ) ]. We next quantified the number of axon bifurcations and neuromuscular synapses at these two ages [E18.5 and E16 (Figs. 1 E, F, 2A, B, respectively) ]. At E18.5, both number of axon bifurcations and neuromuscular synapses were significantly decreased in gephyrin-deficient diaphragms [for bifurcations, 28% decrease, p ϭ 0.007 (Fig. 2C) ; for synapses, 21% decrease, p ϭ 0.0383 (Fig. 2 D) ]. Similarly, at E16 we also observed a lower degree of axon bifurcations and significantly fewer neuromuscular synapses in gephyrin-deficient diaphragms compared with wild-type [for bifurcations, 37% decrease, p ϭ 0.17 (Fig. 2C) ; for synapses, 34% decrease, p ϭ 0.0022 (Fig. 2 D) ]. Therefore, the decrease in phrenic motoneuron survival correlates with a reduced innervation of the gephyrindeficient diaphragms. To reveal whether the increased lumbar motoneuron survival seen in gephyrin-deficient animals correlated with increases in intramuscular axonal branching and synapse formation in the hindlimb, we examined the gluteus maximus, a hindlimb muscle innervated by lumbar motoneurons at E18.5 and E16 (Fig. 3) . Indeed, the number of motor axon branches and neuromuscular synapses were increased in the gephyrin-deficient muscle compared with wild type at both E18.5 and E16 (Fig. 3A-D) with the greatest change seen at E18.5 [for synapses at E18.5, 69% increase, p ϭ 0.05 (Fig. 3E) ; for bifurcations at E18.5, 59% increase, p ϭ 0.0033 (Fig. 3F ) ; compared with synapses at E16, 20% increase, p ϭ 0.12 (Fig. 3E) ; for bifurcations at E16, 80% increase, p ϭ 0.0023 (Fig. 3F )] . Together, these results show that the regional changes in motoneuron survival observed in gephyrindeficient mice correlate with regional differences in axon branching and neuromuscular synapse number.
We also examined the morphology of neuromuscular junctions (NMJs) from diaphragm and gluteus maximus muscles in gephyrin-deficient mice at P0. This was done at both the light and electron microscopic levels. At the light microscopic level, we observed no changes in overall size of the NMJ, terminal arborizations, or the appearance of postsynaptic acetylcholine receptor clusters (Fig. 4, top panels) . These observations were supported at the electron microscopic level, in which we saw no obvious change in the ultrastructural appearance of motor nerve terminals, synaptic cleft distance, and synaptic basal lamina or- ganization (Fig. 4, bottom panels) . In conclusion, we observed no changes in gross morphology of neuromuscular synapses in gephyrin-deficient mice compared with littermate controls.
Regional variation in spontaneous motor activity in gephyrin-deficient mice
The regional differences in motoneuron survival and branching found with gephyrin deficiency could, in part, be attributable to differences in the neural activity of respiratory and nonrespiratory motoneuron pools (Oppenheim and Nunez, 1982; Oppenheim et al., 2000b) . To test whether gephyrin deficiency might alter motoneuron PCD and peripheral branching by changing the activity of respiratory and spinal motoneurons, we recorded spontaneous bursts of activity from both hypoglossal (XII) and lumbar (L5) nerves in an in vitro brainstem-whole spinal cord preparation isolated from postnatal day 0 -1.5 mice. At P0 -P1.5, lumbar motoneurons are toward the end of the cell death period, and hypoglossal motoneuron death is in its later phase (Oppenheim et al., 2000a; Terrado et al., 2001; Banks et al., 2003; Forger et al., 2003) . Furthermore, our results above show that significant changes in XII and L5 motoneuron numbers, muscle nerve branching, and synapse numbers in gephyrin-deficient mice have occurred from E15 up to E18 (Table 1) . Hence, P0 -P1.5 is a time point at which functional changes in motor activity correlated with motoneuron PCD should be fully detectable. Indeed, in both nerves, spontaneous activities differed significantly between control (wild type and heterozygote) and gephyrin-deficient mice (Fig. 5A) . The mean burst frequency of lumbar nerve activity was decreased in gephyrin-deficient mice [76% decrease; p ϭ 0.013 ( Fig. 5B ; Table 2) ]. In contrast, the frequency of hypoglossal nerve burst activity was significantly increased in the knock-out animals [127% increase; p ϭ 0.035 ( Fig. 5B ; Table  2 )]. A similar change was observed in the mean nerve activities. Lumbar activity was significantly reduced in gephyrin-deficient mice compared with wild-type mice [76% decrease; p ϭ 0.02 ( Fig. 5C; Table 2 )], whereas the mean hypoglossal activity was significantly increased [369% increase; p ϭ 0.003 ( Fig. 5C; Table 2) ]. These changes in motoneuron pool activity were primarily attributable to altered burst frequencies, because the mean parameters for burst shape measured (including peak amplitude, half-width, 10 -90% rise time, 10 -90% decay time, and area) from hypoglossal and lumbar nerves did not significantly differ between gephyrin-deficient and wild-type mice (Table 2) . Thus, increases in spontaneous activity of respiratory motoneurons coincide with decreases in motoneuron numbers, peripheral branching, and neuromuscular synapse formation, whereas the reciprocal effect was seen with hindlimb somatic motoneurons.
Regional variation in glycine/GABA effects on motor activity in wild-type and gephyrin-deficient mice
Because the absence of gephyrin disrupts all postsynaptic glycine receptor clusters and most GABA A receptor clusters, but possibly not GABA B or GABA C receptors, it was important to determine the relative contributions of GABA and glycine receptor activation to the functional changes in motoneuron activity for the two motoneuron pools studied. If the observed regional differences in spontaneous nerve burst frequency seen in gephyrin-deficient versus wild-type mice are attributable to defective clustering of glycine and GABA A receptors, then application of the natural ligands glycine or GABA to brainstem-spinal cord preparations from wild-type mice should also produce regional motor effects, which should be opposite to the changes seen in spontaneous motor activity seen in gephyrin-deficient mice. We therefore bath applied glycine (100 M) or GABA (100 M) to preparations from wild-type (n ϭ 10) and gephyrin-deficient (n ϭ 9) mice for 8 -10 min and compared mean L5 or XII nerve burst frequency, amplitude, and charge before and during drug application. A two-way ANOVA of changes in burst frequency for each ligand, using genotype and nerve as the grouping variables, found significant differences between responses of the two motor nerves that were significantly influenced by genotype (Fig. 5 D, E; Table 3 ). In contrast, no significant effects of either glycine or GABA on mean burst amplitude or charge were seen, regardless of nerve recorded or animal genotype (two-way ANOVA) (Table 3) . Together, these results suggest that glycine and GABA produce their affects primarily on premotor circuits.
In wild-type mice, both glycine and GABA produced an increase in L5 nerve burst frequency, whereas both ligands caused a decrease in XII burst frequency (Fig. 5 D, E; Table 3 ). These results Figure 4 . The development of NMJs is not changed in gephyrin-deficient mice at P0. The top two rows show confocal images of NMJs from wild-type (ϩ/ϩ) and gephyrin-deficient (Ϫ/Ϫ) mice that have been stained for axon nerve terminals with anti-neurofilament plus anti-synaptophysin (green) and for acetylcholine receptors with ␣-bungarotoxin (red). NMJs from wildtype and gephyrin-deficient diaphragms (Dia ϩ/ϩ and Dia Ϫ/Ϫ, respectively) and from wild-type and gephyrin-deficient gluteus maximus muscles (Glut Max ϩ/ϩ and Glut Max Ϫ/Ϫ, respectively) are shown. Scale bar, 20 m. The bottom row shows electron micrographs of NMJs from wild-type (ϩ/ϩ) and gephyrin-deficient (Ϫ/Ϫ) gluteus maximus muscle at P0. There were no ultrastructural differences in the NMJs from gephyrin-deficient mice compared with wild-type littermate controls. Scale bar, 500 nm.
for glycine and GABA receptor activation are consistent with our spontaneous data, suggesting that glycinergic and GABAergic receptors are excitatory for L5 motor activity and inhibitory for XII motor activity at this age ( Fig. 5B-E) . The effects of glycine on burst frequency of both motor nerves were abolished in gephyrindeficient mice (Fig. 5E ). In contrast, the effect of GABA on nerve burst frequency was enhanced in gephyrin-deficient mice (Fig. 5D) . Although we cannot rule out the possibility that GABA A effects might be masked by responses attributable to other GABA receptor types, such as GABA B and GABA C , which are also expressed by motoneurons (Rekling et al., 2000) , our simplest interpretation of these results is that GABA A receptor activation is upregulated in newborn gephyrin-deficient mice.
Motoneuron and skeletal muscle differentiation are unchanged in gephyrin-deficient mice
To test whether the absence of gephyrin could affect motoneuron development and differentiation, we analyzed various aspects of motoneuron morphology in gephyrin-deficient mice. Consistent with observations by Feng et al. (1998) , we found no significant changes in spinal cord appearance or volume (spinal cord volume: ϩ/ϩ, 1.2 Ϯ 0.02 mm 2 , mean Ϯ SEM; Ϫ/Ϫ, 1.1 Ϯ 0.05 mm 2 , mean Ϯ SEM; n ϭ 3), nor did we see any alterations in the positions of the LMCs between wildtype and gephyrin-deficient mice (Fig.  6 A) . In addition, there were no changes in cranial motor nuclei appearance (data not shown). Motoneuron morphology was assessed by measuring motoneuron nuclear area, an indirect measurement of cell body size . Again, we found no significant difference in the nuclear areas for spinal or cranial motoneurons between genotypes at E15.5 and E18.5 (Fig. 6 B) . Thus, gephyrin deletion does not appear to affect the morphological development or maturation of motoneurons during the period of PCD.
Next, we used highly enriched embryonic motoneuron cultures to test whether the absence of gephyrin affects motoneuron morphological differentiation and survival under controlled conditions. We cultured lumbar motoneurons from gephyrin-deficient and wild-type mice in the presence or absence of the known motoneuron trophic factors BDNF, CNTF, or GDNF (Sendtner et al., 2000) . Approximately 10% of either wild-type and gephyrin-deficient motoneurons survived after 5 d in culture in the absence of trophic factors (Fig.  7) . In the presence of BDNF, CNTF, or GDNF, ϳ50% of the originally plated wild-type and gephyrin-deficient motoneurons were maintained (Fig. 7) . Furthermore, when we stained motor axon branches with anti-P-Tau, we saw no difference in axonal extension of gephyrin-deficient motoneurons compared with wild-type motoneurons in the absence of trophic factors (axon length: ϩ/ϩ, 760 Ϯ 299.8 m, mean Ϯ SD; Ϫ/Ϫ, 808 Ϯ 310.2 m, mean Ϯ SD; n ϭ 100).
Next, we examined the morphology of skeletal muscle in transverse sections at E18.5 and observed no difference in skeletal muscle morphology and organization (Fig. 6C ). There were also no differences in muscle fiber number or size, consistent with the normal size of gephyrin-deficient mice at P0 . Furthermore, skeletal muscles had a similar proportion of peripherally placed nuclei in both gephyrin-deficient (69 of 504 muscles counted; 13.7%; n ϭ 4) and wild-type (52 of 401 muscles Figure 5 . Regional differences in spontaneous and drug-induced motor activity in wild-type (ϩ/ϩ) and gephyrin-deficient (Ϫ/Ϫ) mice. A, An example of the differences in nerve burst activity from hypoglossal (XII) and lumbar (L5) ventral rootlets recorded from ϩ/ϩ and Ϫ/Ϫ brainstem-whole spinal cords. B, Mean nerve burst frequency for L5 (ϩ/ϩ, n ϭ 9; Ϫ/Ϫ, n ϭ 7) and hypoglossal (ϩ/ϩ, n ϭ 6; Ϫ/Ϫ n ϭ 4) nerve recordings showing a significant decrease in lumbar nerve burst frequency and an increase in hypoglossal nerve burst frequency. C, Mean nerve activity per minute (calculated as total nerve burst charge per minute) for lumbar (ϩ/ϩ, n ϭ 9; Ϫ/Ϫ, n ϭ 7) and hypoglossal (ϩ/ϩ, n ϭ 6; Ϫ/Ϫ, n ϭ 4) nerve recordings, showing a significant decrease in lumbar mean nerve activity and an increase in hypoglossal nerve activity. *p Ͻ 0.05; **p Ͻ 0.01; Student's t test. Effects of glycine and GABA on nerve burst frequency are significantly different for lumbar and hypoglossal nerve activity in ϩ/ϩ and Ϫ/Ϫ mice. Mean burst frequency during drug application is shown as a percentage of burst frequency for 10 -20 min before drug application (indicated by dashed line and referred to in text as "control"). D, GABA (100 M) application increases mean L5 burst frequency and decreases XII burst frequency in ϩ/ϩ mice (white bars); these effects are enhanced in Ϫ/Ϫ mice (black bars). Two-way ANOVA; p Ͻ 0.05. E, Glycine (100 M) application also increases mean lumbar burst frequency and decreases hypoglossal nerve burst frequency in ϩ/ϩ mice (white bars); these effects are abolished in Ϫ/Ϫ mice (black bars). Two-way ANOVA; p Ͻ 0.05.
counted; 12.9%; n ϭ 4) mice (Fig. 6C, arrows) , indicating that there was no difference in the gross appearance of myotubes between gephyrin-deficient and wild-type mice.
Discussion
Our study demonstrates a role for glycinergic synapses in the development and refinement of the neuromotor system. Mice lacking gephyrin, a molecule needed for clustering of all glycine and many GABA A receptors, showed regionally distinct differences in motoneuron activity, motoneuron number, and muscle innervation. Respiratory motoneurons displayed increased motor activity, decreased motoneuron survival, restricted intramuscular axonal branching, and fewer neuromuscular synapses. In contrast, limb-innervating motoneurons displayed decreased motor activity, increased motoneuron survival, extensive axonal branching, and more neuromuscular synapses. Both GABA and glycine increased limb-innervating motoneuron activity and decreased respiratory motoneuron activity in wild-type mice, but these effects were abolished only for glycine responses in gephyrin-deficient mice. This suggests that regional differences in motor pool activity attributable to perturbed central glycinergic synaptic activity contribute to regulating the refinement of motoneuron numbers and innervation during developmental motoneuron death.
Skeletal muscle activity regulates motoneuron development in gephyrin-deficient mice
The morphological changes in lumbar motoneurons of gephyrin-deficient mice are consistent with previous pharmacological and molecular genetic studies that identify muscle activity as a key regulator of motoneuron development by demonstrating that muscle paralysis correlates with increased motoneuron survival and muscle innervation (Oppenheim et al., 1986 (Oppenheim et al., , 1997 Landmesser, 1992; Banks et al., 2003) . Our contrasting results for respiratory motoneurons are also consistent with a regulatory role of muscle activity, because electrical overstimulation of muscle has been found to cause increased motoneuron death (Oppenheim and Nunez, 1982) . Hence, we propose that, in distinct regions of the spinal cord and brainstem, glycinergic synaptic transmission differentially affects motoneuron activity, which then regulates muscle activity through intact innervation, because target muscles and neuromuscular junctions develop normally in gephyrin-deficient mice. Our data thus link altered pattern of motor activity with changes in motoneuron survival and innervation in developing mammalian embryos.
After motoneurons make contact with their target muscles, the extent of innervation is thought to depend on nerve-evoked muscle contraction Landmesser, 1988, 1991; Oppenheim et al., 1997 Oppenheim et al., , 2000b Banks et al., 2003; Brandon et al., 2003) . In gephyrin-deficient mice, lumbar motor activity correlates with increased neuromuscular synapse numbers in hindlimb muscles, whereas the diaphragm (a primary respiratory muscle) has a reduced number of neuromuscular synapses. We conclude that central actions of glycinergic synaptic transmission on motoneuron activity ultimately influence muscle innervation by controlling muscle contraction.
Changes in motoneuron-driven muscle activity are thought to modulate motoneuron survival by two possible mechanisms. One relies on the activity-dependent production of trophic factors by the target muscle [production hypothesis (Oppenheim, 1989) ], and the other proposes that the level of muscle activity regulates the ability of motoneurons to access muscle-derived trophic factors through appropriate adjustment of neuromuscular synapse numbers [access hypothesis Landmesser, 1992) ]. Although our study was not designed to distinguish between these two mechanisms, our observations are consistent with the idea that access to target-derived trophic factors plays a role in regulating motoneuron survival, because we found motoneuron activity inversely correlates with motoneuron survival, axon branching, and neuromuscular synapse numbers in gephyrin-deficient mice. Table 2 . Spontaneous neural activity is increased for hypoglossal (XII) nerve and decreased for lumbar 5 nerve in gephyrin-deficient mice (؊/؊) compared with wild-type mice (؉/؉) XII nerve L5 nerve Table 3 . Glycine (100 M) or GABA (100 M) increases lumbar 5 nerve burst frequency and decreases hypoglossal nerve burst frequency in wild-type mice; the effects of glycine on burst frequency are abolished in gephyrin-deficient mice, whereas the effects of GABA are enhanced XII nerve L5 nerve sal nerve activity in wild-type mice, but only glycinergic inhibition is lost in the gephyrin-deficient mice, whereas both glycine and GABA excite lumbar nerve activity in wild-type mice, with only glycinergic excitation being lost in gephyrin-deficient mice. The similar responses to glycine and GABA in wild-type mice further supports the idea that the differential changes in hypoglossal and lumber motor nerve activity in gephyrin-deficient mice are likely to result from differences in the timing of Cl Ϫ -dependent glycinergic transmission switching from excitation to inhibition in different premotor circuits.
Although impaired glycinergic neurotransmission makes a major contribution to altered motoneuron survival and motor activity in gephyrin-deficient mice, deficiencies in GABAergic transmission may also contribute to the phenotype, because clustering of distinct GABA A receptor subunits is significantly reduced at central synapses of gephyrin-deficient mice (Fischer et al., 2000; Rekling et al., 2000; Kneussel et al., 2001; Levi et al., 2004) . GABA produced consistent changes in hypoglossal and lumbar motor nerve activity in gephyrin-deficient mice, and responses were greater than those GABA responses seen in wildtype mice. This suggests that GABA responses may be up regulated in the absence of gephyrin, possibly in response to a loss of glycinergic responses. Our experiments do not address the question of which GABA receptors (GABA A , GABA B , and GABA C ) underlie responses in wild-type or gephyrin-deficient mice. Thus, Cl Ϫ -dependent GABAergic responses may also contribute to regulation of motor activity, and hence motoneuron PCD, in wild-type-mice and may upregulate to partially compensate for a loss of gephyrin-dependent glycine/GABA A receptor clustering in gephyrin-deficient mice.
Glycinergic synapses act to regulate motoneuron excitability through regional effects on premotor circuitry in gephyrindeficient mice Changes in the frequency of rhythmic motor bursts imply effects on central pattern generation, whereas changes in motor burst parameters may be attributable to effects on presynaptic inputs to motoneurons or to direct effects on motoneuron excitability (Marder and Calabrese, 1996) . We observed significant changes in burst frequencies but not in burst parameters, such as amplitude or area, for both hypoglossal and lumbar nerves in gephyrindeficient mice compared with controls. Specifically, hypoglossal nerve burst frequency increased, whereas lumbar nerve burst frequency decreased. This suggests that both glycine and GABA differentially alter activity in the respiratory and locomotor pattern generators driving hypoglossal and lumbar motor pools, respectively (Marder and Calabrese, 1996; Rekling et al., 2000) . Our results indicate that glycine and GABA are inhibitory for the respiratory premotor circuit but excitatory for the locomotor premotor circuit at P0 -P1 in wild-type mice.
Evidence from other studies supports this supposition. Glycine/GABA A receptor activation increases lumbar motor burst frequency in early embryonic mouse (Hanson and Landmesser, 2003) and rat (Narayanan et al., 1971; Nishimaru et al., 1996) ; this response changes to decreased burst frequency only 1-2 d before birth (Nishimaru et al., 1996; Nishimaru and Kudo, 2000) . In contrast, glycine/GABA A receptor activation depresses respiratory motor frequency at earlier stages of embryonic development, from E16 onward (Ren and Greer, 2003) . Our observations in wild-type mice, together with these findings, are consistent with the idea that glycine/GABA responses may switch from excitatory to inhibitory in respiratory premotor circuitry earlier than in locomotor premotor circuitry. In gephyrin-deficient mice, we found that only glycine effects on burst frequency were abolished. Thus, our experiments reveal that glycine receptordependent responses contribute to control of motor activity and hence motoneuron death and innervation.
We did not observe significant changes in motoneuron excitability, as measured by burst amplitude or charge, in either wildtype or gephyrin-deficient mice. This is in accord with other results, which indicate that direct GABA/glycine responses of motoneurons remain excitatory until after birth. For example, direct recordings from rat lumbar motoneurons have shown that GABA/glycine continue to evoke membrane depolarization up to and after birth (Wu et al., 1992; Kulik et al., 2000; Marchetti et al., 2002) . Similarly, rat and mouse hypoglossal motoneurons are depolarized by GABA/glycine until postnatal ages (Ritter and Zhang, 2000; Singer and Berger, 2000; Marchetti et al., 2002) . It is thus unlikely that differential effects of gephyrin deficiency on embryonic motoneuron survival and activity could be attributable to differences in GABA/glycine responses at synapses on respiratory and locomotor motoneurons.
In conclusion, we demonstrate that glycinergic responses make a vital contribution to the development of motor circuit activity, motoneuron survival, and muscle innervation during embryonic life in mammals. Figure 7 . In vitro differentiation of motoneurons is unaltered in gephyrin-deficient mice. Shown is mean survival of motoneurons isolated from E14 wild-type (ϩ/ϩ; white bars) and gephyrin-deficient (Ϫ/Ϫ; black bars) embryos after 5 d in culture, grown in Neurobasal medium only (no factor) or in Neurobasal medium supplemented with one of the following neurotrophic factors: BDNF, GDNF, or CNTF. There was no significant difference in the survival of motoneurons isolated from wild-type or gephyrin-deficient mice under any of these treatments.
